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We demonstrate that the nontrivial magnetic texture of antiferromagnetic skyrmions (AFM-Sks)
promotes a non-vanishing topological spin Hall effect (TSHE) on the flowing electrons. This results
in a substantial enhancement of the non-adiabatic torque and hence improves the skyrmion mobility.
This non-adiabatic torque increases when decreasing the skyrmion size, and therefore scaling down
results in a much higher torque efficiency. In clean AFM-Sks, we find a significant boost of the TSHE
close to van Hove singularity. Interestingly, this effect is enhanced away from the band gap in the
presence of non-magnetic interstitial defects. Furthermore, unlike their ferromagnetic counterpart,
TSHE in AFM-Sks increases with increase in disorder strength thus opening promising avenues for
materials engineering of this effect.
As the spintronics community advances the
search for high-efficiency, high-density and low
power-consuming spintronic devices, alternative
materials other than conventional ferromagnets
(FMs) are being continuously introduced and
explored. Materials with strong spin-orbit cou-
pling have been used extensively to achieve
efficient, ultrafast and reliable magnetization
switching in magnetic heterostructures via the
spin-orbit torques (SOTs) in the presence of an
in-plane magnetic field applied collinear to the
current1–6. However, simultaneously applying
a magnetic field and current to achieve switch-
ing poses technological challenges leading to the
quest for alternative material systems.
Besides FMs, antiferromagnets (AFMs) have
recently drawn significant attention7,8. The
experimental observation of bulk SOTs in
locally inversion asymmetric CuMnAs9, the
demonstration of AFM-assisted zero-field SOT
switching10,11, and the achievement of large
anomalous and spin Hall effects in non-collinear
AFMs12–14 open promising perspectives for the
implementation of AFMs into efficient spin de-
vices. The latter effect is particularly intrigu-
ing since it emerges from the coexistence of
spin-orbit coupling-driven Berry curvature and
non-collinear magnetism. In addition, it has
also been predicted that AFM textures such as
domain walls driven by SOTs can move much
faster than their FM counterparts due to the
absence of Walker breakdown15,16. Therefore,
the interplay between topological spin transport
and the dynamics of AFM textures is a promis-
ing route to explore towards the realization of
efficient current-driven control of the AFM or-
der parameter.
Recently, ferromagnetic skyrmions (FM-Sks)
have been proposed as good candidates for tech-
nological applications due to their weak sensi-
tivity to defects17–19, ultra-low critical current
density19–25, enhanced non-adiabatic torque26
and substantial TSHE27,28. In spite of these
remarkable properties, FM-Sks suffer from the
so-called skyrmion Hall effect25,29,30, a motion
transverse to the current flow. This parasitic
effect hinders the robust manipulation of FM-
Sks. In contrast, both analytical theory and mi-
cromagnetic simulations recently showed that
in AFM-Sks, the skyrmion Hall effect vanishes
by symmetry31–33, which results in an enhanced
longitudinal velocity and control efficiency.
In this Letter, we demonstrate that the non-
trivial magnetic texture of AFM-Sks promotes
a non-vanishing TSHE on the flowing electrons.
This results in a substantial enhancement of the
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2non-adiabatic torque and hence improves the
skyrmion mobility. This non-adiabatic torque
increases when decreasing the skyrmion size,
and therefore scaling down results in a much
higher torque efficiency. In clean AFM-Sks,
we find a significant enhancement of the TSHE
close to van Hove singularity. Most importantly,
unlike FM-Sks28, TSHE in AFM-Sks increases
in the presence of non-magnetic interstitial de-
fects. Moreover, the TSHE is enhanced away
from the band gap in the presence of these de-
fects.
Motivated by the prediction of a metastable
single AFM-Sk on a square lattice32–35, our
analysis begins with an isolated G-type (i.e.,
checkerboard) AFM-Sk. We consider a system
of free electrons coupled via the s-d exchange in-
teraction to the magnetic texture mi, described
by the Hamiltonian
H =
∑
i
εicˆ
†
i cˆi−t
∑
〈ij〉
cˆ†i cˆj−J
∑
i
cˆ†imi·σˆcˆi, (1)
where J is the exchange coupling, σˆ is the
spin of the electron, t is the nearest-neighbor
hopping, εi and cˆ
†
i (cˆi) are the onsite energy,
and the spinor creation (annihilation) opera-
tor of site i respectively. For an AFM with
equivalent sublattices a and b, Eq. (1) can be
rewritten in the coupled sublattice-spin space
(|a〉, |b〉)⊗ (| ↑〉, | ↓〉) as
H = (εIˆ2+γk τˆx)⊗Iˆ2−J(τˆz⊗n+Iˆ2⊗m)·σˆ, (2)
where γk = −2t(cos kxa0 + cos kya0), a0 being
the lattice constant, Iˆ2 is the 2× 2 identity ma-
trix, n = ma − mb and m = ma + mb are
unit vectors in the direction of the Ne´el vec-
tor, and the total magnetization, respectively.
τˆ and σˆ are the Pauli matrices of the sublattice
and spin subspaces, respectively. The eigenval-
ues and eigenstates corresponding to Eq. (2), in
the limit of smooth and slow varying magnetic
texture, are given by36
εηs(k) = s
√
γ2k + J
2, (3a)
Ψη,σs =
∑
η
s
√
1 + sσP ηk
2
|η〉 ⊗ |σ〉, (3b)
where s = +1(−1) represents the bands above
(below) the band gap and P ηk = ηJ/
√
γ2k + J
2
is the polarization of the local density of states
of the η-sublattice. Without loss of generality,
we place the Fermi energy in the bottom band,
i.e. we set s = −1 in the rest of the paper.
A unitary transformation that acts only on the
spin-subspace U = e−i θ2σ·eφ , where eφ = z ×
n/|z× n|26,37–40, transforms Eq. (2) into
H˜ ≈ (pˆ− eAˆ)
2
2m
τˆx⊗ Iˆ2−Jτˆz⊗σˆz+eIˆ2⊗Vˆ . (4)
Aˆ = − ~2e [σˆη · (n × ∂in)]ei and Vˆ = ~2e [σˆη ·
(n × ∂tn)]z are the vector and scalar poten-
tials respectively. σˆη = 12 (Iˆ2 + ητˆz) ⊗ σˆ is the
spinor operator, with η = +(−)1 for the (a)b-
sublattice. As a result, the spin-dependent car-
riers feel an emerging electromagnetic field for
the η-sublattice given by,
Eη,σem = (σ~/2e)Pησ [(∂tn× ∂in) · n]ei, (5a)
Bη,σem = −(σ~/2e)Pησ [(∂xn× ∂yn) · n]z, (5b)
where Pησ = 1−σP ηk , σ = +(−)1 for ↑ (↓) spin.
Insight into the similarities and differences
in the physics of emergent electrodynamics in
FM-Sks and AFM-Sks can be inferred from the
pre-factor Pησ . Indeed, unlike FM-Sks in which
electrons feel an emergent electromagnetic field
of opposite sign for different spins, the mag-
nitude of these emergent fields in AFM-Sks is
both spin- and sublattice-dependent, as a re-
sult, strongly depends on the dispersion. Under
the action of an external electric field E along x,
i.e. E = Ex, the resulting spin- and sublattice-
dependent local carrier current density is given
by
jη,σcc = σ
η,σ
0 E+ σ
η,σ
0 E
η,σ
em +
ση,σH
Bη,σem
E×Bη,σem , (6)
where Bη,σem is a constant with the dimension
of magnetic induction, ση,σ0 and σ
η,σ
H are spin-
σ contribution of the normal and Hall conduc-
tivity, respectively. The local charge and spin
current densities are calculated as26
Jηe = σ
η
0E
(
x− η(1− P ηk P ηH)ληH2Nx,yy
)
+(~/2e) (P η0 − P ηk )ση0Nt,iei, (7a)
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FIG. 1. (a) Schematic diagram showing the physical
origin of TSHE due to the emergent magnetic field
in AFM-Sk. (b) Enhancement of TSHE close to the
band gap due to the relative population of electrons
on the sublattices.
Jηs = b
η
JMsn⊗
(
x− ηPtληH2Nx,yy
)
+Pdλ
η
E
2Nt,iMsn⊗ ei, (7b)
where Pt = (P
η
H − P ηk )/P η0 , Pd = (1 − P ηk P η0 ),Nν,µ = n · (∂νn × ∂µn), with ν, µ ∈ (x, y, t),
bηJ = ~P
η
0 σ
η
0E/2meMs, λ
η
H =
√
~σηH/2eσ
η
0Bem
and ληE =
√
~2ση0/4e2Ms are the length scales
associated with the emergent magnetic and elec-
tric fields respectively26.
Interesting physics of charge and spin trans-
port in AFM-Sks can be deduced from Eq. (7).
Indeed, since η, bηJ, P
η
k and P
η
0(H) change their
sign on different sublattice, (i) there is no
macroscopic transverse (along y) charge cur-
rent, i.e. no topological Hall effect (THE)32,33,
(ii) even though there is no macroscopic longi-
tudinal (along x) spin current, there is a finite
transverse spin current i.e. finite TSHE41. The
TSHE is proportional to the polarization of the
local density of state Pk and since Pk 6= 0 and
increases reaching a maximum at the band gap,
the TSHE is expected to increase accordingly.
The physical origin of this TSHE stems from an
interplay between the emergent magnetic field
and the dispersion of the underlying system. In-
deed, since the emergent magnetic field given
by Eq. (5) deflects electrons with opposite spins
in opposite directions, coupled to the two-fold
degeneracy inherent in AFMs with equivalent
FIG. 2. Computed THE and TSHE for FM-Sk and
AFM-Sk (quantified by their respective angles, θTH
and θTSH) as a function of the Fermi energy in the
intermediate (a) with J = 2t/3 and strong (b) with
J = 5t, exchange limits. The skyrmion radius is set
to r0 = 8a0.
sublattices, a continuous transverse pure spin
current flows in the system as depicted in Fig. 1
(a).
Our theoretical predictions are verified by
means of a tight-binding model of an isolated
AFM-Sk on a square lattice of size 82 × 82a20
(i.e. 41 × 41 AFM unit cells), described by
Eq. (1). Using the KWANT code42, we investi-
gate the topological Hall transport of this sys-
tem by means of a four-terminal system28 in
both the intermediate (J = 2t/3) and strong
(J = 5t) exchange limits27 and compare with
an equivalent FM-Sk.
In a clean system in both the intermediate
and strong antiferromagnetic limits as shown
in Fig. 2 (a) and (b), we find finite TSHE
with a substantial increase close to the band
gap in AFM-Sk [blue line in Fig. 2 (a) and
(b)], which can be much larger than in FM-
Sk. And since this effect increases with the
skyrmion density28, this can result in a substan-
tial TSHE capable of inducing magnetization
dynamics and/or switching on an adjacent at-
tached FM layer. Furthermore, unlike FM-Sks,
AFM-Sks exhibit no THE due to the cancel-
lation of the charge current contributions from
both sublattices32 [green line in Fig. 2 (a) and
(b)]. Our numerical results are consistent with
our analytical predictions Eq. (7).
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FIG. 3. Illustration of different effects of an in-
terstitial defect (black) in an antiferromagnet with
equivalent sublattices a (red) and b (blue). The
color dressings represent relative change of the on-
site energy due to the defect. This dressing can be
(a) symmetric within the unit cell, or (b) asymmet-
ric.
Next, we investigate the impact of impurities
which are omnipresent in real materials. We fo-
cus on non-magnetic interstitial defects, which
can have a symmetric (SS) or an asymmetric
(AS) effect, as illustrated in Fig 3. The defects
are modeled as a random onsite energy εi = Vi,
where Vi ∈
(−W2 , W2 ), W defines the strength
of the disorder assigned to a site (AS) or unit
cell (SS), and to ensure convergence, we average
over 10000 disorder configurations. As shown
in Figs. 4 (a) and (b), for FM-Sk the presence
of disorder progressively quenches the TSHE
(black curve); in contrast, in the case of AFM-
Sk only AS disorder, i.e. disorder that induces
decoherence within the antiferromagnetic unit
cell – quenches the TSHE (red curve). In fact,
SS disorder, that preserves coherence between
the two sublattices, substantially enhances the
TSHE for moderate disorder (blue curve).
To conclude this study, we investigate the im-
pact of the topological spin current in Eq. (7b)
on the dynamics of an AFM-Sk. To achieve this,
we calculate the corresponding spin torque as
Tηt = −∇ ·Jηs and for the sake of completeness,
we include non-adiabatic effects arising from,
for example spin relaxation43 via a constant
nonadiabaticity parameter β. This yields a to-
tal spin transfer torque Tη = −Tηt−ηβMsbηJn×
FIG. 4. Dependence of TSHE on the strength of
disorder for both FM-Sk and AFM-Sk: (a) close
to the band gap and (b) around the middle of the
band. Notice the substantial enhancement of TSHE
in the presence of impurity in the case of symmet-
ric (SS – blue curve) compared to asymmetric (AS
– red curve) defects in the intermediate exchange
limit, i.e. J = 2t/3.
∂xn given as
Tη = Msb
η
J [∂xn− ηβn× ∂xn]
Msn× [αηT(r)∂tn− βηT(r)bηJ∂xn] , (8)
where αηT(r) and β
η
T(r) are proportional to the
topological contribution to the damping and
non-adiabatic torques given by
αηT(r) = pqPdλ
η
E
2Nx,y, (9a)
βηT(r) = ηpqPtλ
η
H
2Nx,y. (9b)
From Eq. (8), it appears clear that just
as in FM-Sks26,40, the transverse topological
spin current flowing in AFM-Sks directly en-
hances the non-adiabatic torque and the damp-
ing. Moreover, this non-adiabatic torque being
topological in nature, it increases when decreas-
ing the skyrmion size. As a result, the current-
driven efficiency increases when the skyrmion
becomes smaller. Following the standard theo-
retical scheme to study the dynamics of antifer-
romagnetic textures44–48 supplemented by the
topological torques in Eq. (8), we obtain the
equation of motion of the Ne´el order parameter
as
1
a¯γ˜
∂2t n+αeff(r)∂tn = γfn +βeff(r)bJ∂xn, (10)
where γ˜ = γ/(1 + α2), αeff(r) = α+ αT(r) and
βeff(r) = β + βT(r). We consider an AFM-Sk
5with profile defined in spherical coordinates as
n = (cos Φ sin θ, sin Φ sin θ, cos θ), where cos θ =
p(r20−r2)/(r20+r2) and Φ = qArg(x+iy)+cpi/2,
with p, q, and c being the polarization, vorticity,
and chirality of the texture, respectively, which
take values ±126. Using this profile, the termi-
nal velocity of the structure is given as
vy = 0 and vx = (βeff/αeff)bJ, (11)
where βeff = β +
4PtS2
3
λ2H
r20
and αeff = α +
4PdS2
3
λ2E
r20
, r0 being the radius of the skyrmion.
S2 =
∑2
k=0(r
2
0/(r
2
0 +R
2))k is a geometric factor
which equals unity in the limit R r0. To pro-
vide a qualitative estimate, using realistic ma-
terials parameters Ms = 800 KA/m, α = 0.01,
β = 0.02, σH/σ0 = 0.1, σ0 = (4 µΩ cm)
−1,
P0 = 0.7, Pk = 0.35, Bem = 2.5 T, and
Je = 5 × 1011 A/m2, we obtain λ2E = 0.4 nm2
and λ2H = 13.2 nm
2, which translates to a veloc-
ity of up to 393 m/s for skyrmion size of 10 nm.
Micromagnetic simulations originally pre-
dicted that skyrmions have in principle lim-
ited sensitivity to local and edge defects ow-
ing to very weak interactions17,18 and their fi-
nite spatial extension21,23. Indeed, the ability
of a defect to pin a skyrmion increases when
the size of the skyrmion becomes comparable to
the size of the defect17. Hence, scaling down the
skyrmion towards sub-100 nm size results in low
skyrmion mobility and large critical depinning
currents in polycrystalline systems49. What
makes AFM-Sks remarkable in this respect is
the fact that the torque efficiency itself increases
when reducing the skyrmion size, as discussed
above. While this topological torque only con-
tributes to the transverse motion of FM-Sks,
it drives the longitudinal motion of AFM-Sks
and therefore directly competes with the en-
hanced pinning potential. This unique prop-
erty could be a substantial advantage to com-
pensate the increasing pinning upon size reduc-
tion. Furthermore, our calculations show that
TSHE is enhanced in the presence of moderate
disorder that is omnipresent in real materials,
demonstrating the robustness of the proposed
approach for device applications.
This work was supported by Grant-in-Aid for
Scientific Research (B) No. 17H02929, from
the Japan Society for the Promotion of Science
and Grant-in-Aid for Scientific Research on In-
novative Areas No. 26103006 from The Min-
istry of Education, Culture, Sports, Science and
Technology (MEXT). C. A. A. and A. M. ac-
knowledges support from King Abdullah Uni-
versity of Science and Technology (KAUST).
O. A. T. acknowledges support by the Grants-
in-Aid for Scientific Research (No. 25247056,
No. 17K05511, and No. 17H05173) from the
MEXT of Japan, MaHoJeRo (DAAD Spintron-
ics network, Project No. 57334897), and by
JSPS and RFBR under the Japan-Russia Re-
search Cooperative Program.
∗ collins.akosa@riken.jp
1 I. M. Miron, K. Garello, G. Gaudin, et. al., Na-
ture 467, 189 (2011).
2 L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C.
Ralph, and R. A. Buhrman, Science 336, 555
(2012).
3 K. Garello, C. O. Avci, I. M. Miron, et. al., Appl.
Phys. Lett. 105, 212402 (2014).
4 L. Liu, O. J. Lee, T. J. Gudmundsen, D. C.
Ralph, and R. A. Buhrman, Phys. Rev. Lett.
109, 096602 (2012).
5 M. Cubukcu, O. Boulle, M. Drouard, et. al.,
Appl. Phys. Lett. 104, 042406 (2014).
6 G. Yu, P. Upadhyaya, K. L. Wong, W. Jiang, J.
G. Alzate, J. Tang, P. K. Amiri, and K. L. Wang,
Phys. Rev. B 89, 104421 (2014).
7 T. Jungwirth, X. Marti, P. Wadley, and J. Wun-
derlich, Nat. Nano. 11, 231 (2016).
8 V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T.
Ono, and T. Tserkovnyak, arXiv:1606.04284v2.
9 P. Wadley, B. Howells, J. Zˇelezny´, et. al., Science
351, 587 (2016).
10 S. Fukami, C. Zhang, S. DuttaGupta, A.
Kurenkov, and H. Ohno, Nat. Mater. 15, 535
(2016).
11 A. van den Brink, G. Vermijs, A. Solignac, J.
6Koo, J. T. Kohlhepp, H. J. M. Swagten, and B.
Koopmans, Nat. Commun. 7, 13486 (2016).
12 C. Su¨rgers, G. Fischer, P. Winkel, and H. v.
Lo¨hneysen, Nat. Commun. 5, 3400 (2014).
13 S. Nakatsuji, N. Kiyohara, and T. Higo, Nature
527, 212 (2015).
14 A. K. Nayak, J. E. Fischer, Y. Sun, et. al., Sci-
ence Advances 2 no. 4, e1501870 (2016).
15 O. Gomonay, T. Jungwirth, and J. Sinova, Phys.
Rev. Lett. 117, 017202 (2016).
16 T. Shiino, S.-H. Oh, P. M. Haney, S.-W. Lee, G.
Go, B.-G. Park, and K.-J. Lee, Phys. Rev. Lett.
117, 087203 (2016).
17 S.-Z. Lin, C. Reichhardt, C. D. Batista, and A.
Saxena, Phys. Rev. B 87, 214419 (2013).
18 C. Reichhardt, D. Ray, and C. J. O. Reichhardt,
Phys. Rev. Lett. 114, 217202 (2015).
19 S.-Z. Lin, C. Reichhardt, and A. Saxena, Appl.
Phys. Lett. 102, 222405 (2013).
20 J. Iwasaki, M. Mochizuki, and N. Nagaosa, Nat.
Commun. 4, 1463 (2013).
21 J. Iwasaki, M. Mochizuki, and N. Nagaosa, Nat.
Nano. 8, 742 (2013).
22 J. Iwasaki, W. Koshibae, and N. Nagaosa, Nano
Letters 14, 4432 (2014).
23 J. Sampaio, V. Cros, S. Rohart, A. Thiaville, and
A. Fert, Nat. Nano. 8, 839 (2013).
24 K. Everschor, M. Garst, B. Binz, F. Jonietz, S.
Mu¨hlbauer, C. Pfleiderer, and A. Rosch, Phys.
Rev. B 86, 054432 (2012).
25 K. Litzius, I. Lemesh, B. Kru¨ger, P. Bassirian,
et. al., Nat. Phys. 13, 170 (2017).
26 C. A. Akosa, P. B. Ndiaye, and A. Manchon,
Phys. Rev. B 95, 054434 (2017).
27 G. Yin, Y. Liu, Y. Barlas, J. Zang, and R. K.
Lake, Phys. Rev. B 92, 024411 (2015).
28 P. B. Ndiaye, C. A. Akosa, and A. Manchon,
Phys. Rev. B 95, 064426 (2017).
29 W. Jiang, X. Zhang, G. Yu, et. al., Nat. Phys.
13, 162 (2017).
30 I. A. Ado, O. A. Tretiakov, and M. Titov, Phys.
Rev. B 95, 094401 (2017).
31 B. Go¨bel, A. Mook, J. Henk, and I. Mertig, Phys.
Rev. B 96, 060406 (2017).
32 J. Barker and O. A. Tretiakov, Phys. Rev. Lett.
116, 147203 (2016).
33 X. Zhang, Y. Zhou, and M. Ezawa, Sci. Rep. 6,
24795 (2016).
34 R. Keesman, M. Raaijmakers, A. E. Baerends,
G. T. Barkema, and R. A. Duine, Phys. Rev. B
94, 054402 (2016).
35 H. Fujita and M. Sato, Phys. Rev. B 95, 054421
(2017).
36 H. B. M. Saidaoui, X. Waintal, and A. Manchon,
Phys. Rev. B 95, 134424 (2017).
37 S. E. Barnes and S. Maekawa, Phys. Rev. Lett.
98, 246601 (2007).
38 Y. Tserkovnyak and M. Mecklenburg, Phys. Rev.
B 77, 134407 (2008).
39 S. Zhang and S. S.-L. Zhang Phys. Rev. Lett.
102, 086601 (2009).
40 A. Bisig, C. A. Akosa, J.-H. Moon, et. al., Phys.
Rev. Lett. 117, 277203 (2016).
41 P. M. Buhl, F. Freimuth, S. Blu¨gel, and Y.
Mokrousov, Phys. Status Solidi RRL 11, 1862
(2017).
42 C. W. Groth, M. Wimmer, A. R. Akhmerov, and
X. Waintal, New Journal of Physics 16, 063065
(2014).
43 S. Zhang and Z. Li, Phys. Rev. Lett. 93, 127204
(2004).
44 A. C. Swaving and R. A. Duine, Phys. Rev. B
83, 054428 (2011).
45 K. M. D. Hals, Y. Tserkovnyak, and A. Brataas,
Phys. Rev. Lett. 106, 107206 (2011).
46 A. C. Swaving and R. A. Duine, Journal of
Physics: Condensed Matter 24, 024223 (2012).
47 E. G. Tveten, A. Qaiumzadeh, O. A. Tretiakov,
and A. Brataas, Phys. Rev. Lett. 110, 127208
(2013).
48 D. R. Rodrigues, K. Everschor-Sitte, O. A. Tre-
tiakov, J. Sinova, and A. Abanov, Phys. Rev. B
95, 174408 (2017).
49 W. Legrand, D. Maccariello, N. Reyren, et. al.,
Nano Letters 17, 2703 (2017).
